ABSTRACT Total and regional cortical blood flow was measured in dogs by the radioactive microsphere technique after renal damage of varying severity had been induced by combining selective injection of diatrizoate, iopamidol, or normal saline with a 10 min occlusion of the renal artery. There was extensive tubular and glomerular damage in the kidneys exposed to diatrizoate, but not in the kidneys exposed to saline. lopamidol caused intermediate changes. Average cortical blood flow was reduced from baseline levels in all groups 5 min after perfusion was restored. After 1 hr the flow had returned to the baseline level. Analysis of variance did not show a statistically significant difference among the groups. A tendency for redistribution of flow from outer to inner cortical layers was seen, but this was present in all groups. The flow changes detected in this study cannot explain the varying severity of renal damage. Circulation 69, No. 4, 783-789, 1984.
diatrizoate and the recently introduced, low-osmolality agent iopamidol. 4 The preparation is based on a standardized injection of the contrast agent combined with temporary occlusion of the renal artery for 10 min. The kidney is thus exposed to a high concentration of contrast agent for a prolonged time, and the small differences in nephrotoxicity between the media can be detected by radiologic and pathologic techniques. We postulated that this animal preparation could be used to investigate the relationship between renal perfusion and contrast-induced nephrotoxicity. With the radioactive microsphere technique, total as well as regional cortical blood flow can be estimated. The redistribution of cortical flow associated with decreased perfusion can also be detected.5 6 
Methods
Animal preparation. Eighteen mongrel dogs weighing 17 to 23 kg were anesthetized with sodium pentobarbital (25 mg/kg iv). The animals were mechanically ventilated with room air (Harvard respirator), and anesthesia was maintained by periodic injections of pentobarbital. The animals were allowed free access to water before study.
An end-occluded catheter ( Injection of contrast medium. Because the experimental procedure involved both temporary occlusion of the renal artery and injection of a large amount of contrast, we anticipated alterations of flow in the opposite kidney. Because knowledge of the effect of isotonic saline injection as a control was essential to interpretation, we elected to inject only one kidney in each animal. Any preexisting renal disorder could also be detected in the kidney that did not receive saline (opposite kidney).
A No. 7F balloon occlusion catheter was introduced into either the right (n= 1 1) or left (n = 7) renal artery. The balloon was inflated under fluoroscopic control with a diluted contrast solution until backflow through the catheter ceased and slight deformity of the balloon was seen. We then injected 20 ml of the solution to be tested at a rate of 4 ml/sec with a flow-controlled pressure injector. The balloon remained inflated for 10 min, and the catheter was then removed.
The following substances were injected: 0.9% NaCI, diatrizoate meglumine/Na+ (Renografin 76, 370 mg 1/ml, 2.07 moll kg H20), and iopamidol (300 mg I/ml, 0.55 mol/kg H2O).
At the end of the study an injection of diatrizoate into the aorta was made to confirm patency of the injected renal artery.
Blood flow measurements. Total and regional renal blood flow and cardiac output were measured with radiolabeled microspheres (15 gm) by use of methods previously described.7
Control measurements were obtained 5 to 15 min before contrast injection and were repeated after balloon deflation at 5 min and 1 hr with sequential injections of 141Ce-, t5Sr-, 95Nb-, 251_, or 46Sc-labeled spheres (3M Company; St. Paul, MN). The order of sphere injection was randomized.
After sonification for 15 min in an ultrasonic bath, our injection vial containing an average of 0.79 (0.20 to 4.96) million spheres suspended in 0.05% polysorbate 80 in isotonic saline was filled to capacity with isotonic saline, and the spheres were flushed into the left ventricle over 10 to 15 sec with 10 ml of saline.
A reference blood sample was withdrawn through the descending aortic catheter at a constant rate of 7.5 ml/min for 2 min with a Harvard pump. Withdrawal was begun approximately 8 to 10 sec before the start of sphere injection.
At the time of blood flow measurements, arterial blood samples were measured for pH, Pco2, Po2 (Instrumentation Laboratory Model 113 analyzer), and hematocrit.
At the end of the study, 300 U/kg of heparin was injected intravenously. Each animal was then killed and exsanguinated. Both kidneys and adrenal glands were removed and weighed after the blood had been drained.
The capsule and connective tissue were carefully removed from the kidney. The kidney was divided into radial slices. The cortex was subsequently divided into equal outer, middle, and inner layers. Three samples representing the cranial, middle, and caudad parts of the kidney, ranging in weight from 1.5 to 3.5 g, were obtained from each cortical layer. The 18 cortical samples from the two kidneys and the right and the left adrenal glands were then packed firmly into separate counting vials and covered with a buffered 10% formalin solution.
The reference blood samples were divided into aliquots so that their counting geometry was similar to the tissue samples.
The activity of the tissue and reference blood samples were counted for 10 min in a Packard Autogamma Scintillation Spectrometer (Model 5912/9771) at window settings selected to correspond to the peak energies of the nuclides. All counts were corrected for background and crossover activity. Radiologic and pathologic examination. The kidneys were inspected for evidence of hemorrhage, and a sample was examined by light microscopy. Tissue sections were stained with hematoxylin and eosin.
Roentgenograms were obtained after the injection of contrast medium to determine distribution and duration of contrast staining.
Statistical methods. The blood flow measurements and hemodynamic data were analyzed by paired t test for difference from baseline within each group and by analysis of variance (ANOVA) for differences among the groups. The criterion for statistical significance was p < .05. Values are presented as mean + SD.
Results
Radiologic and pathologic findings. Roentgenograms and fluoroscopy revealed a dense, somewhat patchy staining during injection and occlusion in all kidneys exposed to contrast. The stain resolved within 5 min in all kidneys injected with iopamidol ( figure 1 ) and in four of the six kidneys injected with diatrizoate. A dense stain remained for the duration of the study in the other two kidneys injected with diatrizoate (figure 2).
All the kidneys injected with saline and iopamidol were macroscopically normal. In contrast, all kidneys injected with diatrizoate showed darkly discolored areas. These areas were extensive and corresponded to the distribution of the stain in two kidneys. In the four kidneys without roentgenographic changes, these areas were small (1 to 2 mm) and diffusely scattered.
The histologic findings are summarized in table 1. Representative microscopic sections from the kidneys treated with diatrizoate, iopamidol, and saline are shown in figure 3 . All kidneys injected with diatrizoate were abnormal. Tubular necrosis was seen in all six kidneys and the changes were focal in two and extensive in four. Glomerular necrosis was seen in five of six kidneys and changes were focal in two. Hemorrhage into glomeruli and tubules was seen in one specimen. In the iopamidol group two specimens were normal. Tubular necrosis was seen in four of six specimens and changes were focal and minimal in two of these. Glomerular changes were seen in one specimen. In the saline group four kidneys were normal. Extensive tubular and glomerular changes were seen in one specimen and minimal focal tubular changes were seen in one kidney.
The kidneys not receiving injections (opposite kidney) were microscopically normal.
Hemodynamics. Mean aortic pressure, heart rate, and 6) did not differ between the injected side, and the average adrenal flow and noninjected is illustrated in figure 4 . The changes within the saline and iopamidol groups were not significant. The diatrizoate group demonstrated a significantly increased flow at 1 hr (p .046), and ANOVA for the 1 hr changes showed the differences among the groups to be statistically significant (F .017).
Renal cortical blood flow. Tables 3 and 4 summarize the values for average and regional cortical flow and show changes in the distribution of cortical flow. The values for average cortical flow are also illustrated in figure 5. There were no significant differences among the groups nor between the noninjected and injected kidneys before injection of the contrast agent.
The average cortical flow was reduced in all injected kidneys 5 min after release of the occlusion. The changes among groups were not significant, but the changes within the iopamidol and diatrizoate groups were statistically significant (p = .007 and .012, respectively). At 1 hr the average cortical flow remained significantly below baseline for the iopamidol group only (p .025). The differences among the groups were not statistically significant.
In the noninjected kidneys, average cortical flow was slightly increased at 5 min for the saline and diatrizoate groups and was decreased for the iopamidol group. These changes were statistically significant only for the iopamidol group (p .024). ANOVA for differences among groups failed to show statistically significant changes. At 1 hr the ditferences from baseline within the groups were not statistically significant. However, ANOVA showed significant changes among the groups (F -.037), with flow in the diatrizoate group remaining above and that in the saline and iopamidol groups remaining below baseline. Values for flow in outer, middle, and inner cortical zones failed to demonstrate statistically significant changes in either the kidneys injected with saline or in the kidneys that did not receive saline. In the iopamidol group, flow was decreased in outer and middle cortical zones at both 5 min and 1 hr after occlusion. The changes were statistically significant (p = .008 at 5 min and p = .029 at 1 hr). In the kidneys injected with diatrizoate, flow was decreased in the outer cortical zone at both 5 min and 1 hr and in the middle and inner cortical zones at 5 min. These changes were statistically significant (p = .012, .034, .017, and .036, respectively). However, ANOVA failed to demonstrate significant changes among the groups.
In the kidneys of the iopamidol group that did not receive injections, a statistically significant decrease in outer cortical flow at S min and 1 hr and a decrease in middle cortical flow at 5 min were demonstrated (p = .026, .020, and .026, respectively). In the kidneys of the diatrizoate group that did not receive injections, the only statistically significant change was an increase in outer cortical flow at 1 hr (p = .035). ANOVA for differences from baseline showed statistically significant changes (F = .022 at 1 hr among the groups).
Injected Kidney A redistribution of flow within the cortex may be masked when only the absolute values for the cortical layers (above) are considered. Tables 3 and 4 , therefore, also show the percent distribution of flow in the cortical layers. These data take into account both the sample weights and total cortical flow.
Values for the distribution of cortical flow in the kidneys injected with contrast agent show a tendency for redistribution from outer to inner cortical zones. The changes were statistically significant only for the outer and middle cortical zones at 5 min in the kidneys in the saline group (p = .032 and .028, respectively). ANOVA showed a statistically significant difference among the groups for the 5 min values (F = .009) of the middle cortex.
For the kidneys not receiving injections, the only statistically significant changes were in the diatrizoate group, with an increase in outer cortical distribution and decrease in middle cortical distribution (p = .046 and .008, respectively) for the 5 min values. ANOVA failed to show any statistically significant differences among the groups.
Discussion
Ischemia is a common factor in many forms of nontoxic renal damage. The severity and duration of renal failure is related to the duration of ischemia. 8 Acute renal failure after administration of radiographic contrast agents is well documented. 1-2 However, the cause of the renal damage is unknown. Ischemia induced by the contrast agent has been implicated because many of the conditions that predispose the kidney to contrast-induced renal failure are associated with altered renal perfusion. Also One interesting and unexplained finding is the significantly reduced average cortical flow in the kidney not receiving any injection at 5 min after the other kidney is exposed to iopamidol. This occurred without significant change in mean aortic pressure, heart rate, or cardiac output. The advantage of injecting only one kidney in each animal is demonstrated by the changes that did occur in the kidneys not receiving injections in the iopamidol group.
Although there was a tendency for redistribution of flow from outer to inner cortical layers, these changes were minimal, present in all kidneys injected with contrast agents, and most marked at 5 min. These changes cannot explain the variations in kidney damage and are most likely caused by the temporary ischemia.
The osmolality of the injected substances ranged from isoosmotic to highly hypertonic. The results of a 
